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ABSTRACT
Aim: We aimed to apply a novel model to estimate weight change and its reference
intervals during the first 96 h of life and the time of weight nadir.
Methods: This study involved 1288 full-term singletons, from the Generation XXI birth
cohort. Recruitment occurred between 2005 and 2006 in all five public units providing
obstetrical and neonatal care in Porto, Portugal. Birthweight was abstracted from clinical
records, and the subsequent newborn anthropometrics were obtained by trained
examiners. Longitudinal models to estimate postnatal weight were tested and the weight
ratio was calculated as the weight during 96 h of life divided by birthweight.
Results: The chosen model was (weight(t)~ 3241.442 + (9.378) 9 t + 0.119 9 t2 +
0.000 9 t3 + b0i + b1i 9 t, where t represented the newborn infant’s age in hours and bi
represented the random coefficients. The curve inflection point (nadir) was achieved at
52.3 h of life, corresponding to a loss of 218 g and a weight ratio of 0.933. We estimated
that at six, 12, 24 and 36 h of life the mean weight ratio and 10th–90th percentiles were
0.978 (0.968–0.988), 0.968 (0.953–0.983), 0.951 (0.928–0.974) and 0.939 (0.909–
0.969), respectively.
Conclusion: This model allows a more accurate estimate of newborn weight change and
its reference intervals, and estimated the nadir at 52.3 h of life, corresponding to a weight
ratio of 0.933.
INTRODUCTION
During the first days of life, newborn infants lose around 6%
of their birthweight, and the second and third days seem to
be those when the maximum weight loss takes place and
newborn infants achieve their minimum weight (nadir) (1).
This physiological weight loss is expected and mainly
represents redistribution of fluids as a consequence of
cardiopulmonary adaptation (2,3). However, it may also
involve fat loss due to the catabolic state of some newborn
infants, such as those small for gestational age or when
there is some delay in establishing breastfeeding.
Excessive weight loss has been associated with hypernat-
raemic dehydration, which can cause serious medical com-
plications, such as disseminated intravascular coagulation,
stroke and even death (4–7). On the other hand, insufficient
weight loss, usually defined as weight gain or maintenance,
has also been associated with health risks in the neonatal
period, namely overhydration and related morbidities such
as bronchopulmonary dysplasia, intraventricular–periven-
tricular haemorrhage, necrotising enterocolitis and patent
ductus arteriosus (8–11). Despite these health risks, few
studies have focused on this issue. In 2008, a systematic
review (1) aimed to establish the referenceweight loss during
the first 2 weeks following birth. The authors only found 11
studies that evaluated theweight change in healthy, full-term
and exclusively breastfed singletons and realised that the
methods used to report it were inconsistent and that further
research was needed (1). Most studies performed weight
measurements on the day of birth and on specific days, for
example on day three, while others measured their newborn
infants daily. In both study methods, the nadirmay not have
Abbreviation
SD, standard deviation.
Key notes
 This is the first description of weight change during the
first 96 h of life estimated by a mixed-effect model
along with reference intervals.
 Newborn infants continuously lost weight until 52 h of
life, corresponding to a 218 g weight loss and a 0.93
weight ratio, calculated asweight divided by birthweight.
 Using the estimated weight change curves, clinicians
can rapidly observe whether a newborn infant is
experiencing excessive weight loss and initiate primary
interventions.
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been correctly assessed, because daily measurements may
not be close enough.
Thus, we aimed to apply a novel model to estimate the
weight change that occurs during the first 96 h of life, along
with its reference intervals and the time in hours when the
nadir is achieved, in a sample of full-term newborn infants.
PATIENTS AND METHODS
This study involved 1948 newborn infants recruited
between November 2005 and August 2006 from the
Generation XXI birth cohort (12). Only newborn infants
weighted after birth were included. Briefly, participants
were selected at the five public tertiary care maternity units
providing obstetrical and neonatal care in the metropolitan
area of Porto, Portugal.
Of the1948newborn infants,weexcluded39 frommultiple
births, 85 preterm infants with a gestational age of <37 weeks
and 18 newborn infants with congenital anomalies. Of the
remaining1806newborninfants,465hadmissinginformation
on the time of measurement and six had incongruent values.
We excluded 28 newborn infants measured after 96 h of life
and 19 outliers, defined as the first/third quartile  three
timestheinterquartilerange.Thefinalsamplecomprised1288
newborn infants, whose characteristics are presented in
Table 1. Differences regardingmaternal, pregnancy, delivery
and newborn infant’s characteristics between the included
(n = 1288) and excluded participants (n = 518) were tested
and theonly relevant differencewas regarding theproportion
ofCaesareansection,whichwashigheramongthoseexcluded
than included (35.0%versus 29.2%, p = 0.017).
Data on newborn infant’s characteristics, including
birthweight, were abstracted from medical records by
trained interviewers. Then, during the hospital stay, trained
examiners weighed the newborn infants to the nearest 1 g
and registered the date and time of measurement. There
were 215 (16.7%) newborn infants measured before 24 h of
life, 566 (43.9%) measured between 24 and 48 h of life, 388
(30.1%) measured between 48 and 72 h of life, and 119
(9.2%) measured after the 72 h of life. The time of
measurement varied between 6.3 and 96 h of life, and the
sample mean was 45.3 h of life (SD 19.4).
The study protocol was approved by the ethics committee
of Hospital de S Jo~ao and by the National Commission for
Data Protection. Written informed consent was obtained
from all mothers at recruitment.
Statistical analysis
Longitudinal models were tested to ascertain the best
approach to calculate newborn weight change, because
weight was highly dependent on the newborn infant’s age
when the measurement was performed. So, to estimate
newbornweight independently of age,we testedmixed-effect
models adjusted for the time of measurement in hours (t),
combining fixed coefficients up to the third degree and
incorporating random effects on the intercept and slope
(Table 2). We compared four longitudinal models: linear
(weight(t)~b0+b19 t + b0i), quadratic (weight(t)~b0+b19 t
+ b29 t
2 + b0i), and cubic (weight(t)~ b0 + b19 t + b29 t
2 + b3
9 t3 + b0i) with only a random intercept and the same cubic
model but with random intercept and slope (weight(t)~ b0 +
b19 t+b29 t
2+b39 t
3+b0i+b1i9 t).Weight changewas then
expressed as weight difference in grams (birthweight minus
weight) and as weight ratio (weight divided by birthweight).
As mixed-effect models were used to estimate weight, the
methodology proposed by Royston (13) was applied to
estimate age-related reference intervals forweight andweight
difference. Considering that the variability of weight ratio
with age showed a nonlinear relation, the methodology
proposedbyAltman (14)was used to estimate the age-related
reference intervals using absolute residuals. Also, 95%
confidence intervals were estimated for weight ratio.
To facilitate the comparison with previous results, weight
change percentage was also calculated as (weight minus
birthweight) divided by birthweight.
Table 1 Maternal, pregnancy, delivery and newborn infant’s characteristics of the
study sample
n (%)
Maternal characteristics
Age at delivery (years)
13–17 21 (1.6)
18–29 657 (51.1)
30–34 408 (31.8)
35–39 169 (13.2)
≥40 30 (2.3)
Prepregnancy BMI (kg/m2)
<18.50 39 (3.2)
18.50–24.99 769 (63.3)
25.00–29.99 303 (25.0)
≥30.00 103 (8.5)
Primipara 725 (56.3)
Pregnancy characteristics
Tobacco smoke during third trimester 179 (14.2)
Gestational diabetes 44 (3.5)
Hypertension during pregnancy 17 (1.3)
Weight gain (kg) [mean (SD)] 13.5 (5.61)
Delivery characteristics
Type
Vaginal 906 (70.8)
Caesarean 374 (29.2)
Newborn infant’s characteristics
Gestational age (weeks)
37–38 397 (30.8)
39–40 778 (60.4)
41–43 113 (8.8)
Sex
Male 655 (50.9)
Female 633 (49.1)
Birthweight (g)
<2500 49 (3.8)
2500–4000 1192 (92.5)
>4000 47 (3.6)
Apgar score 1st minute <7 47 (3.7)
[Correction added on 30 July 2015, after online publication: The values in “n
(%)” column for age groups 13–17 and 18–19 were changed to “21 (1.6)”
and “657 (51.1)”, respectively.]
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Analyses were performed using IBM SPSS Statistics
(version 21.0, SPSS Inc., Chicago, IL, USA) and R (version
2.14.1, R Foundation for Statistical Computing, Vienna,
Austria).
RESULTS
The final model to estimate weight change during the first
96 h of life in full-term singletons was (weight(t)~ 3241.442 +
(9.378) 9 t + 0.119 9 t2 + 0.000 9 t3 + b0i + b1i 9 t, where t
represents the newborn infant’s age in hours, b0i the random
intercept and b1i the random slope. This was the chosen
model because it had the lowestAkaike information criterion
and Bayesian information criterion (Table 2).
To calculate the time when the weight was minimum
(nadir), we used the following equation:
ðweightðtÞÞ0 ¼ 0 ð¼Þ t
¼
2 b2 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2 b2Þ2  4 ð3 b3Þ  b1
q
2 ð3 b3Þ
ð¼Þ t ¼ 52:3hours:
To estimate the minimum weight for each child, we
replaced the t in the equation by 52.3, because it was the
estimated nadir time. Figure 1 represents the curves for
newborn infant’s mean weight change expressed as weight
ratio and its 95% confidence interval and percentiles three,
10, 90 and 97 estimated by the model. The maximum weight
loss corresponds to the inflection point of the curve and was
estimated as a weight ratio of 0.933, occurring at 52.3 h of
life. At this time point, the third percentile corresponded to
a weight ratio of 0.878, the 10th percentile to 0.896, the
90th percentile to 0.970 and the 97th percentile to 0.987.
Table 3 shows the estimated mean of newborn infant’s
weight and weight change, expressed as weight difference in
grams and weight ratio, according to the newborn infant’s
age in hours and reference intervals. The estimated mean
birthweight was 3241 g and newborn infants began to lose
weight immediately after birth. At 6 h of life, the weight
ratio was already 0.978, at 24 h 0.951 and at 36 h 0.939. At
52.3 h of life, newborn infants achieved their minimum
weight, corresponding to a mean loss of 218 g and a weight
ratio of 0.933 and then they began to regain weight.
The distribution of the newborn infants according to their
maximum weight change percentage is depicted in Table 4.
A weight loss equal or higher than 10% of birthweight
occurred in 6.1% of the newborn infants: 5.7% lost between
10% and 15% of their birthweight and 0.4% of the newborn
infants lost 15% or more of their birthweight. On the other
hand, 0.6% of the newborn infants did not lose any weight,
starting to gain weight immediately after birth.
DISCUSSION
In this sample of full-term Portuguese singletons, the mean
nadir corresponded to a mean loss of 218 g and a weight
ratio of 0.933, occurring at 52.3 h of life, which is in
accordance with previous studies (1). In our sample,
newborn infants began to lose weight immediately after
birth, being the weight ratio already of 0.978 at 6 h of life.
After the 52.3 h of life, newborn infants started to gain
weight.
A previous systematic review (1) that aimed to establish
newborn weight change was performed in 2008, and the
Table 2 Longitudinal models to ascertain the best approach to calculate newborn infant’s weight at t hours of life
p AIC BIC
Model 1: weight (t) ~ b0 + b1 x t + b0i – 35 400.80 35 424.25
Model 2: weight (t) ~ b0 + b1 x t + b2 x t
2 + b0i <0.001 34 890.89 34 920.21
Model 3: weight (t) ~ b0 + b1 x t + b2 x t
2 + b3 x t
3 + b0i <0.001 34 881.34 34 916.52
Model 4: weight (t) ~ b0 + b1 x t + b2 x t
2 + b3 x t
3 + b0i + b1i x t <0.001 34 664.01 34 710.92
AIC = Akaike information criterion; BIC = Bayesian information criterion; bi = fixed coefficients; bi = random coefficients; t = time in hours.
3rd and 97th percentiles 
10th and 90th percentiles
95% Confidence interval
W
ei
gh
t r
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Newborn infant’s age (h)
Figure 1 Curves for newborn infant’s mean weight change expressed as
weight ratio and its 95% confidence interval and percentiles 3, 10, 90 and 97
estimated by the model.
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authors concluded that definitions, types of measurements
and reporting styles varied and, in most studies, daily
weights measurements were not available. When they
appraised the included studies, they found that the fre-
quency of weight measurements was not comparable across
studies that there were inconsistencies as to whether the
day of birth was counted as day zero or day one and that the
cut-off point used to define excessive weight loss was
arbitrary. The authors considered that measurement bias
occurred in many of the studies that met the inclusion
criteria. The frequency of weighing was inadequate and the
lack of measurements made determining the lowest weight
and normal patterns of newborn weight change impossible.
Another problem with the previous studies was that the size
of the sample often varied within a study due to attrition –
for example a smaller sample on day three than on day one
– and this fact made calculating the mean weight change
more complicated (1).
Regarding the method of assessing weight change, some
authors performed daily weights (15,16), others only per-
formed daily weights up to discharge (17,18) or until
newborn infants regained their birthweight (19). Mangana-
ro et al. weighed the newborn infants daily until discharge
and then at five and 10 days (20). DeMarzo et al. (21), Jolly
et al. (22) and Macdonald et al. (23) weighed the newborn
infants on the day of birth and then on specific days: days
five and 10 (21); days three, seven, 10, 17 and 24 (22); and
at discharge and on days five, seven, 10 and 14 (23),
respectively. Only Martin-Calama et al. (24) weighed the
newborn infants at more regular periods, at 6, 12, 24, 48 and
72 h of life, and expressed the newborn infant’s age in
hours. Given the diversity of the methods used, it is difficult
to compare the results. Our study has the advantage of
having the newborn infants weighed at different ages,
ranging from 6.3 to 96 h of life, which allowed us to pool
the data and estimate the time when the nadir was
achieved.
In the aforementioned studies, newborn weight change
was described as the amount and, or, timing and the
diversity of descriptions made it even harder to compare
study results. Weight change has been previously described
as the amount in grams or kilograms lost or gained
(22,24,25), as the percentage of birthweight lost or gained
(15–18,20,21,23,24), or simply as the day when the new-
born infants started to gain weight (15,19,23) or when they
regained their birthweight (19,21,23). In addition, some
authors presented the results as mean weight change
(18,20,24,25), median weight change (16,23,25), range of
weight change (16,20,21), number of subjects over or under
some predetermined percentage of weight loss (17,20,21) or
percentile data (23). Thus, we decided to describe the
newborn weight change by quantity, along with reference
intervals and timing. We have reported the mean weight,
weight difference and weight ratio during the first 96 h of
life, using a continuous method – a new approach – and
have reported the time point when the nadir was achieved.
Regarding the timing of the nadir, Michel et al. (18)
observed that it occurred between the first and second days
of life, while Muskinja-Montanji et al. (15) reported that it
Table 3 Estimated mean of newborn infant’s weight and weight change, expressed as weight difference in grams and weight ratio, according to the newborn infant’s age in hours
and reference intervals
Newborn infant’s
age t (hours)
Weight at t hours (g) Weight difference at t hours (g) Weight ratio at t hours
Mean
Percentiles
Mean
Percentiles
Mean
Percentiles
3 10 90 97 3 10 90 97 3 10 90 97
0 3241 – – – – 0 – – – – 1.000 – – – –
6 3189 2397 2649 3729 3982 52 135 108 4 31 0.978 0.963 0.968 0.988 0.993
12 3145 2359 2610 3681 3932 96 186 157 35 6 0.968 0.946 0.953 0.983 0.990
24 3080 2304 2551 3608 3855 161 276 239 84 48 0.951 0.917 0.928 0.974 0.985
36 3041 2274 2518 3563 3807 200 346 300 101 55 0.939 0.895 0.909 0.969 0.983
48 3024 2264 2506 3542 3784 217 398 341 94 36 0.933 0.881 0.898 0.969 0.985
52.3 3023 2265 2507 3540 3781 218 412 350 87 25 0.933 0.878 0.896 0.970 0.987
60 3026 2271 2512 3541 3782 215 433 364 66 3 0.933 0.875 0.893 0.973 0.991
72 3043 2291 2531 3556 3796 198 454 373 23 58 0.938 0.876 0.896 0.980 1.000
84 3071 2319 2559 3584 3824 170 465 371 31 125 0.949 0.885 0.905 0.992 1.012
96 3107 2352 2593 3620 3861 134 469 363 93 199 0.965 0.901 0.921 1.008 1.028
*Mean time when the newborn infant achieves the minimum weight.
Table 4 Distribution of the newborn infants according to their maximum weight
change
Estimated* maximum newborn weight change (%) n (%)
≤15 5 (0.4)
[15; 10] 74 (5.7)
[10; 7] 480 (37.3)
[7; 4] 607 (47.1)
[4; 0] 114 (8.9)
≥0 8 (0.6)
*Estimated weight change at 52.3 h of life.
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happened between the second and third days of life. Both of
these studies performed daily weights to the newborns, and
in both, the two referred days accounted for about 90% of
the sample. So, it seems that the disparity is explained by
counting the day of birth as day zero or day one. If that was
the case, it seems that the nadir in those studies occurred
between the 24 and 72 h of life. To avoid these discrepan-
cies, we think it is preferable to use the age of the newborn
infants in hours instead of days. In our study, the nadir was
estimated at 52.3 h of life, which is in accordance with the
previous studies (15,18). Macdonald et al. (23) performed a
study with a relatively larger sample size than the previous
ones (n = 937) and observed that the nadir occurred at a
median of 2.7 days, which was also in accordance with the
previous studies (15,18) and with our results. Our approach
has the advantage of having the newborn infants weighed
with different ages, in hours, which allowed us to construct
the weight change curve with reference intervals for the first
96 h of life and to estimate the point when the weight was
minimum, which corresponds to the inflection point of the
curves.
The cut-off point to define an excessive weight loss is still
controversial, but some studies have defined it as a total loss
≥10% (1). In our sample, 6.1% of the newborn infants lost
more than 10% of their birthweight, and this proportion
was lower than the proportion observed in other popula-
tions. In an Italian study (20), performed in full-term
breastfed newborns, this proportion was 7.7%, and in
California, among full-term singletons, it was 12% (26). In
this last study (26), 5% of the newborn infants gained
weight between birth and the third day of life, which was
very different from our proportion of 0.6%. Differences
between populations are expected, due to several aspects
such as differences in birthweight, maternal age or preva-
lence of breastfeeding, but it can also be due to differences
in study design (1). For instance, we concluded that the
minimum weight is achieved at 52.3 h of life, while Dewey
et al. (26) weighed the newborn infants on the third day of
life counting the day of birth as day zero, which corre-
sponds to 72–96 h of life, a period when newborn infants
are already gaining weight.
This was the first study to evaluate the weight change in
Portuguese newborn infants, and comparing with data from
other populations (20,26), it seems that we have a higher
proportion of newborn infants in the normal range of
weight. However, further research with harmonising meth-
ods is needed to compare populations.
One of the main goals of measuring newborn weight
change is to establish categories of newborns that experi-
ence increased risk of health adverse outcomes. The current
clinical practice guidelines assume that some weight loss is
expected, but that an excessive weight loss could be a sign
of inadequate milk intake. However, the cut-off point to
define it varies between the recommendations: ≥7% loss of
birthweight (27), ≥7% loss of birthweight or continued loss
after day three or failure to regain birthweight within
10 days (28) or two to 3 weeks (29), or ≥8% loss of
birthweight accompanied by delayed lactogenesis (30).
Considering our data, we were able to provide a weight
change curve with its reference intervals corresponding to
the 3% and 10% of the newborn infants with higher and
lower losses. We think this can be a useful tool for
clinicians, allowing them to rapidly access whether the
newborn infant is experiencing excessive weight loss com-
pared to the estimated references intervals. Also, using our
statistical model, if the healthcare professional knows the
birthweight and another weight of the newborn infant, for
instance at 10, 15 or 20 h of life, the weight change curve of
that newborn infant for the first 96 h of life can be
predicted, as well as the estimated minimum weight
achieved, by estimating the newborn infant weight at
52.3 h of life. This information may allow initiating primary
interventions such as a more intensive evaluation of
breastfeeding technique and correcting problems, improv-
ing milk production and transfer, even before the newborn
infant loses an excessive amount of weight, preventing an
excessive weight loss.
Strengths and limitations
A previous systematic review (1) included studies per-
formed among different populations, namely in Bangladesh,
France, India, Italy, Jamaica, Scotland, Serbia, Spain,
Sweden and the United States, but our study, besides being
the first performed among Portuguese newborn infants, has
a larger sample size than the previous studies. The sample
sizes of those studies varied from 21 to 937 newborns, with
a median of 120.
Birthweight was recorded for clinical purposes and
subsequently abstracted from the medical records, so the
standard procedure could have some variations between
the included maternities, but we do not expect that this fact
may have impacted our results. Subsequent weight mea-
surements were also performed prospectively and by our
trained examiners.
Our methodological approach used weights performed
at different time points to develop a model to estimate
weight change. However, we did not have regular time
point measurements for each newborn infant, instead we
had one weight measurement for each newborn infant
and they were weighed at different ages in hours. With
this data, we developed a longitudinal model adjusted for
the newborn infant’s age in hours that allowed the
intercept and slope to differ for each newborn infant.
The fact that a systematic review (1) found a mean weight
change and a nadir time point similar to ours adds
support to our methodology. Most of the previous studies
measured their participants at a specific time point, equal
for everyone, for instance at the third day of life.
However, those studies assumed that all newborn infants
achieved the nadir at the same day of life; moreover, at
day three, the nadir may have already occurred. Since
there is a large variability in the time point when each
newborn infant achieves the nadir, we believe that having
newborn infants measured at different time points and
then adjusting weight for the newborn infant’s age in
hours is a new and appropriate approach, very useful
1032 ©2014 Foundation Acta Pædiatrica. Published by John Wiley & Sons Ltd 2015 104, pp. 1028–1034
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when adequate regular time point measurements for each
newborn infant are not available, as occurred in our study.
To the best of our knowledge, this was the first study to
describe the weight change during the first 96 h of life as a
continuous variable, to provide reference intervals for this
weight change and to estimate the time in hours when the
newborn infants achieved their minimum weight.
CONCLUSIONS
This model allows a more accurate estimate of newborn
weight change during the first days of life and its reference
intervals. It estimated that the nadir occurred at 52.3 h of
life, corresponding to a loss of 218 g and a weight ratio of
0.933.
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